Abstract The removal of cyanobacteria, hepatotoxins produced by them (microcystins), phytoplankton, heterotrophic bacteria and endotoxins were monitored at a surface water treatment plant with coagulation, clarification, sand filtration, ozonation, slow sand filtration and chlorination as the treatment process. Coagulation -sand filtration reduced microcystins by 1.2-2.4, and endotoxins by 0.72 -2.0 log 10 units. Ozonation effectively removed the residual microcystins. The treatment process reduced phytoplankton biomass by 2.2-4.6 and heterotrophic bacteria by 2.0-5.0 log 10 units. In treated water, the concentration of microcystins never exceeded the WHO guide value (1 mg/L), but picoplankton and monad cells were often detected in high numbers. The heterotrophic bacterial isolates from the treated waters belonged to genera Sphingomonas, Pseudomonas, Bacillus, Herbaspirillum and Bosea.
Introduction
Cyanobacteria are of concern at surface water plants throughout the world, especially as they may produce potent toxins such as hepatotoxic microcystins and neurotoxins (Chorus and Bartram, 1999) . The WHO has established a provisional guideline value for microcystin-LR, one of the most toxic and common microcystin variants (WHO, 2004) . The guideline value has only been set to microcystin-LR but the expert participants from 36 counties at the 6th International Conference on Toxic Cyanobacteria (Bergen, Norway, 21 -27 June 2004) urged for guideline values for total microcystins (Chorus, 2005) . Water treatment processes have been assessed for the removal of microcystins but only a few studies have been conducted at operating treatment plants (Chorus and Bartram, 1999) .
The other relevant compounds potentially hazardous in drinking water include e.g. lipopolysaccharide endotoxins, the highly toxic inflammatory components of outer cell wall of Gram-negative bacteria. However, only little information and few studies exist on endotoxin concentrations in water and especially on their removal in treatment processes. Previously in Finland, Lepistö et al. (1994) reported that cyanobacteria, especially Planktothrix agardhii (Gom.) Anagnostidis & Kom., occasionally may pass water treatment at waterworks using relatively simple purification processes. Lahti et al. (2001) showed frequent occurrence of microcystins in raw water sources but only occasional detection of them in treated waters of nine surface water plants and four bank filtration plants. Studies by Rapala et al. (2002b) indicated that nine waterworks, some using only simple purification processes, were able to effectively remove endotoxins from the water.
The aim of this study was to evaluate the effectiveness of a modern water treatment plant, serving approximately 36,000 people, to remove microcystins and cyanobacteria, phytoplankton, heterotrophic bacteria, and endotoxins from the water. The treatment process at the waterworks consisted of coagulation with aluminium salts, clarification, sand filtration, ozonation, slow sand filtration and chlorination.
Materials and methods
Water samples were collected in 1998 -2001 from the incoming raw water from the reservoir basin and the river from which water was pumped to the basin, and after treatment steps. After microscopical examination, phytoplankton cell counts were converted to fresh weight biomass (Lepistö et al., 1994) . Microcystins were analysed with ELISA (Envirogard Microcystins Plate Kit, Strategic Diagnostics) and protein phosphatase inhibition assay (Rapala et al., 2002a) , endotoxins with the kinetic chromogenic LAL assay (Bio Whittaker) as described by Rapala et al. (2002b) , the overall toxicity of cyanobacterial water blooms using the Artemia salina bioassay (Lahti et al., 1995) and heterotrophic bacteria on R2A agar plates (7 d at 20^2 8C). Bacterial isolates from treated waters were preliminarily identified by comparing their partial 16S rRNA gene sequences to GenBank data.
Results and discussion
The filamentous cyanobacterium P. agardhii occurred in high numbers in the main raw water reservoir in late 1998 and early 1999 ( Figure 1A ). After Planktothrix the water was dominated by chroococcalean cyanobacteria Woronichinia spp, Snowella atomus Komarèk & Hindak and Merismopedia minima G. Beck. Heavy rains after the dry 10 mg/L thus exceeding by 10-fold the guide value of WHO for drinking water. At microcystin level . 1 mg/L in raw water the mean reduction (n ¼ 17) was 1.6 log 10 after coagulation -sand filtration treatment. Microcystins, with maximum concentration of 0.3 mg/L were often detected after this treatment. Ozonation removed the residual microcystins. In 1998, during malfunction of the ozonator, trace amounts of microcystins were detected in the treated water (maximum concentration, 0.03 mg/L). When the ozone dose was increased to 0.15-0.20 mg/L the microcystins decreased below the detection limit (0.02 mg/L). Slow sand filtration only slightly decreased the amount of the toxins and chlorination (mean free chlorine, 0.25 mg/L) had no effect. Water intake directly from the river was used as an alternative during the occurrence of P. agardhii and microcystins in the reservoir basin. The river water seldom contained microcystins but it often contained high numbers of straight-filamentous Anabaena smithii Kom. and Aphanizomenon spp showing neurotoxic signs (Table 1 ). The presence of the known cyanobacterial neurotoxins (anatoxin-a, anatoxin-a(S) and saxitoxins) were analysed from the bloom samples but the agent causing the neurotoxic reaction remained unknown (data not shown).
The mean reduction of phytoplankton biomass (0.6 -12 mg/L, n ¼ 21) was 3.1 log 10 . Large cells were effectively removed but picoplankton and monad cells were often detected in the treated water (Table 2) .
Unidentified (width 1 mm) filaments of oscillatorialean cyanobacteria were commonly detected in the treated water. In 2000-2001 the number of heterotrophic bacteria varied only little (1.2-9.4 £ 10 4 CFU/mL, n ¼ 16, data not shown) in the raw water. The total removal of heterotrophic bacteria was generally 4-5 log 10 . In addition to chlorination (reduction .3 log 10 ), coagulation-sand filtration (reduction 0.6-1.0 log 10 ) and slow sand filtration (reduction 0.5-1.0 log 10 ) removed heterotrophic bacteria but ozonation was ineffective.
In most treated water samples, ,1-1 CFU/mL heterotrophic bacteria were detected. According to preliminary identification the bacteria isolated from the treated waters (24 strains) belonged to genera Sphingomonas, Pseudomonas, Bacillus, Herbaspirillum and Bosea. Their closest phylogenetic relatives have been isolated from contrasting environments such as the Hawaiian archipelago, Antarctic glacial ice and paper mill slime, and detected also as uncultured in drinking water biofilms receiving chlorine or monochloramine.
Usually the incoming water contained only low amounts of endotoxins (35-430 EU/mL) but after the heavy rainfall in September 2000 the level increased to 3,300 EU/mL (Table 3) . The highest reduction of endotoxins occurred during coagulation-sand filtration.
Conclusions
In spite of relatively poor surface water quality cyanobacterial hepatotoxins, lipopolysaccharide endotoxins, large cyanobacterial and phytoplankton cells, and heterotrophic bacteria were effectively removed at a drinking water treatment plant using coagulation, clarification, sand filtration, ozonation, slow sand filtration and chlorination. Proper ozonation was the critical point for the removal of dissolved microcystins. Endotoxins were most effectively removed in coagulation -sand filtration phase. High numbers of picoplankton and monad cells were often detected in the treated water. Occasionally, heterotrophic bacteria belonging to genera Sphingomonas, Pseudomonas, Herbaspirillum and Bosea survived the treatment process.
